We use the normal-mode theory to investigate the sensitivities of the delay times of finitefrequency seismic waves to 3-D perturbations in wave speeds relative to 1-D reference models. The normal-mode theory provides the exact solutions to the wave equation in 1-D models, thus enabling a full-wave approach to the wave propagation in the sense that for a given pair of source and receiver, it accounts for all the waves that travel from the source to the receiver following any possible paths, and that it models accurately all the possible wave effects such as diffraction and non-geometrical propagation. We illustrate the complex picture of finite-frequency wave propagation using a series of numerical examples of the 3-D Fréchet kernels for the delay times of different kinds of seismic arrivals. We demonstrate that owing to the accuracy in modelling multipathing and non-geometrical arrivals, the full-wave approach provides a practical means to utilize seismic signals that are often discarded in conventional high-frequency tomography methods, such as the surface reflected phases at regional distances that carry rich information on the structures in the upper-mantle transition zone. For this reason, tomography resolution in the upper mantle can be greatly improved by using the full-wave, finite-frequency Fréchet kernels. Moreover, the full-wave approach is also well suited for studying structures near other velocity discontinuities such as the core-mantle boundary.
I N T RO D U C T I O N
Seismic tomography is a process in which 3-D structural models of the Earth are sought to explain the phase and amplitude anomalies observed from the waveforms recorded at seismic stations. With the deployment of a number of global seismic networks and numerous regional arrays, a large number of waveforms have been recorded and the resulting explosion of measurements for various kinds of anomalies have greatly enhanced our understanding of the Earth's seismic structure. In the past two decades, in particular, we have witnessed rapid developments in both global tomography (e.g. Dziewonski 1984; Woodhouse & Dziewonski 1984; Inoue et al. 1990; Masters et al.1996; Grand 1994; Su et al. 1994; Li & Romanowicz 1996; Van der Hilst et al. 1997; Ritsema et al. 1999; Mégnin & Romanowicz 2000) as well as an growing number of regional studies, a majority of which focus on the continents.
At the present time, the task before structural seismologists, beside pondering on the geodynamic implications of the earth models already obtained, is to further improve the reliability and resolution of tomography results. No doubt higher resolution can always be achieved by deploying more stations and collect more waveform records to improve the path coverage. New stations are indeed necessary in certain parts of the world, especially in the southern Pacific, to remedy the geographical limitation of the current source and station distributions. However, there is also a need for efforts to improve the accuracy and the generality of the seismic wave propagation modelling technique, especially with regards to the fact that only a very few simple seismic arrivals recorded on the seismograms are being used in seismic tomography today. Recent studies in forward modelling Hung et al. 2000; Zhao et al. 2000; Hung et al. 2001; Zhou et al. 2004; Tromp et al. 2005; Zhao et al. 2005) have shown that it is necessary to consider the finite-frequency effect in imaging small-scale heterogeneities to provide physically correct and realistic structural sensitivities for observations obtained from seismic waves that are intrinsically limited in both timespan and frequency bandwidth. While the ray-theory method in Dahlen et al. (2000) and the surface-wave method (also known as the 'surfacewave ray theory') in Zhou et al. (2004) are finite frequency, they are not full-wave approach and are only applicable to imaging heterogeneities using certain seismic phases in the far field. The normalmode method adopted in Zhao et al. (2000) for 1-D reference models and the purely numerical methods in Tromp et al. (2005) and Zhao et al. (2005) for 3-D reference models are full-wave approaches and are capable of modelling the complete seismograms consistently and accurately, thus maximizing the usage of the existing seismic records and enhancing the tomography resolutions.
The present paper is an extension of the normal-mode-based frequency-dependent delay-time study of Zhao et al. (2000) into the P-SV wave or the spheroidal-mode system. In Zhao et al. (2000) , expressions for the frequency-dependent delay-time Fréchet kernels were derived using the normal-mode coupling approach (Woodhouse 1980 (Woodhouse , 1983 Li & Tanimoto 1993) and numerical examples for a number of transverse-component phases were presented. We have since implemented the algorithm for spheroidal modes or P-SV waves and parallelized the program on PC clusters for practical calculations. In this paper, we first briefly discuss the concept of finite-frequency delay-time sensitivity kernels and their general expressions. We then present numerical examples obtained by the normal-mode approach for the delay-time Fréchet kernels for a series of different seismic phases. These examples demonstrate that multipathing and non-geometrical propagation of finite-frequency waves often lead to composite seismic arrivals with not-so-intuitive wave-propagation effects, and that these composite arrivals can be very useful in imaging heterogeneities in the upper mantle and the D region.
N O R M A L -M O D E F RÉ C H E T K E R N E L S F O R S E I S M I C D E L AY T I M E S
The purpose of structural seismology is to obtain a realistic model for the 3-D distributions of the seismic wave speeds in the Earth, which is usually achieved by finding out the difference between the earth structure and a known reference or starting structural model. This difference, or model perturbation, leads to seismic waveform records that are not the same as but close to the synthetics calculated for the reference model. The discrepancies between recorded and synthetic seismograms can be quantified by a variety of measurements such as traveltime and amplitude anomalies that are commonly used in seismology. Every anomaly δd observed on a record from a specific source-receiver pair can be related to the perturbation of a model parameter δc through a linear integral over the volume of the earth model:
where r is a position in space and the subscripts S and R indicate the source and receiver, respectively. The quantity K d c (r R ; r; r S ), referred to as the Fréchet kernel, represents the degree to which the observed anomaly δd is dependent on the local model perturbation δc(r) relative to its unperturbed value c 0 (r), where a superscript 0 indicates a quantity in the reference model. Thus K d c (r R ; r; r S ) is also often called the sensitivity kernel. If a sufficient collection of anomaly observations as well as their Fréchet kernels are available, then eq. (1) will provide a system of linear equations that can be used to invert for the model perturbation.
Since every anomaly δd is a measure of the difference between recorded and synthetic waveforms, it can always be expressed in terms of the synthetic waveform u 0 (r R ; r S ) and its perturbation δu(r R ; r S ). For example, the traveltime anomaly can be expressed in terms of the time-domain wavefields as Zhao et al. 2000) :
whereu 0 andü 0 are the first and second time derivatives of u 0 , respectively. Similar expressions in terms of u 0 and δu can be derived for any waveform-derived anomaly measurements. The traveltime anomaly δT in eq. (2) is defined such that a positive value indicates a delay of the recorded waveform relative to the synthetic. We will henceforth call it the delay time. Upon applying the representation theorem (e.g. Aki & Richards 2002) and the Born approximation, the waveform perturbation can be expressed as
where δρ(r) and δC(r) are the model perturbations in density and the fourth-order elasticity tensor, respectively, I is the fourthorder identity tensor, and the symbol [·] 213 indicates the transposition of a third-order tensor between its first and second indices (Ben-Menahem & Singh 1981) , that is, [·] 213 ijk = [·] jik . For the perturbation of any specific structural parameter such as the S-wave speed β, the expression for its delay-time Fréchet kernel can be derived by selecting the elements of δC(r) in eq. (3) corresponding to β, substituting the resulting equation for δu(r R ; r S ) into eq. (2) and identifying the kernel for the spatial integral.
The eqs (1)- (3) show that the Fréchet kernel at a specific location r is expressed ultimately in terms of three wavefields in the reference model: u 0 (r R ; r S ), u 0 (r; r S ) and G 0 (r R ; r). The characteristics of the structural variation in the reference model and the types of waves under study determine the complexity of the wavefields and the wave-propagation theory necessary to evaluate the wavefields as well as the Fréchet kernels. In complex 3-D reference models for imaging small-scale local structural variations, purely numerical schemes such as the finite-difference, finite-element and spectralelement methods must be used to compute the wavefields and the Fréchet kernels (e.g. Tromp et al. 2005; Zhao et al. 2005) . For global and regional studies based on 1-D reference models such as PREM (Dziewonski & Anderson 1981) and AK135 (Kennett et al. 1995) , a few different approaches have been adopted. The geometrical ray theory leads to a very efficient algorithm Hung et al. 2000) for the traveltime Fréchet kernels of far-field body waves in 1-D models with relatively small velocity gradient. The surfacewave mode coupling method can be used efficiently for far-field surface waves (Marquering & Snieder 1995; Zhou et al. 2004) . The normal-mode coupling approach adopted in the present paper and in Zhao et al. (2000) is a complete full-wave method and provides accurate Fréchet kernels for any arrivals in both far field and near field in 1-D reference models.
In this paper, we present numerical examples for the delay-time Fréchet kernels of P-SV phases. We also present a number of numerical examples for various types of phases to demonstrate the nongeometrical and sometimes non-intuitive wave-propagation effects attributable to the band-limited nature of finite-frequency seismic waves.
E X A M P L E S O F N O R M A L -M O D E F RÉ C H E T K E R N E L S
In this section, we present numerical examples of the normal-mode Fréchet kernels. Unless stated otherwise, all the synthetics and Fréchet kernels are computed in the 1-D reference model PREM (Dziewonski & Anderson 1981 ) using a Dirac-delta function as the source-time function. The synthetics are computed using all normal modes with eigenfrequencies up to 100 mHz (10 s). All seismograms are low-pass filtered with a cut-off frequency of 60 mHz (∼17 s), with the exception of considered between each and every pair of modes in computing the Fréchet kernels. For all the selected seismic phases, we also determined their geometrical ray paths in the reference model (PREM) using the TauP Toolkit (Crotwell et al. 1999) , and these ray paths are plotted together with the numerical examples of the kernels.
Fréchet kernels of single-path body waves
We start from relatively simple examples by examining the properties of 3-D Fréchet kernels for the delay times of body waves that travel from the source to the receiver along single paths. With little interference from other waves, these single-path arrivals have simple waveforms on the seismograms and the sensitivities of their delay times to structural perturbations show the typical banana-doughnut pattern that is zero on the geometrical ray paths and increases in amplitude away from the ray paths Hung et al. 2000) . The simplest example of a single-path body wave is the direct P wave that turns in the mid-mantle. Fig. 3 shows the 3-D Fréchet kernel for the delay time of a verticalcomponent P wave at an epicentral distance of 60
• . The banana and doughnut features can be clearly seen in the plots of the kernel in the source-receiver great circle plane and the transverse plane, respectively. The solid curve in the great-circle plane plot depicts the geometrical ray path of the direct P wave. From this 3-D kernel, we can see that the distribution of the delay-time sensitivity to structural perturbation is very uneven along the P-wave ray path, with much stronger sensitivity towards the source and the receiver than around the turning point. This is due to the near-field contributions to u 0 (r; r S ) near the source and to G 0 (r R ; r) near the receiver. The pattern is also more irregular near the source than near the receiver suggesting stronger and more complicated near-field contributions there. Furthermore, the kernel also appears to be asymmetric around the ray path. The sensitivity appears to be stronger above the ray path. This is caused by the P-wave radiation pattern from the source on a dip-slip fault plane with a dip angle of 30
• and a strike perpendicular to the source-receiver great-circle plane. The effect of focal mechanisms will be discussed in Section 3.3.
Another example of single-path body wave is the PP phase, the compressional wave that undergoes a surface reflection from the source to receiver. The delay-time Fréchet kernel of a verticalcomponent PP wave at an epicentral distance of 120
• is plotted in Fig. 4 . The amplitude pattern in this result obtained using normal modes is largely in agreement with that in Hung et al. (2000) using ray theory. It can be seen that the delay-time sensitivity of this phase to the P-wave speed α varies along the PP ray path in a very different manner from that of the direct P wave in Fig. 3 . The Fig. 3 . Notice that along the PP ray path (solid curve) the Fréchet kernel appears to be maximum near the surface reflection point but minimum near the source and receiver. sensitivity shows the typical banana-doughnut feature (zero on the ray path) near the source and the receiver. However, near the surface bounce point, the sensitivity is strong on the ray path. This can be explained by the well-known phase jump of π/2 in the PP wave as it goes through the caustic cusp. The effect of the π/2 phase jump can be clearly seen in Fig. 4 in the PP waveform that resembles a π/2 phase shifted Dirac-delta source-time function. As discussed in the previous section, the Fréchet kernel is determined by the three wavefields u 0 (r R ; r S ), u 0 (r; r S ) and G 0 (r R ; r). Near the surface reflection point, the π/2 phase jump in the reference field u 0 (r R ; r S ) changes the amplitude on the ray path from zero to maximum.
Near the receiver, this phase jump is cancelled by the same phase jump in u 0 (r; r S ), and the amplitude remains zero on the ray path. Similarly, near the source the phase jump in u 0 (r R ; r S ) is cancelled by that in G 0 (r R ; r). Hung et al. (2000) gave a detailed explanation of the pattern of the PP kernel. It should be noted that the value of π/2 is a high-frequency (ray-theory) asymptotic result. In the fullwave approach, the exact phase jump value is frequency dependent and the actual pattern we see in Fig. 4 is more complicated.
Fréchet kernels of interfering multiple arrivals
When two or more seismic phases arrive around the same time, they interfere and form a composite arrival whose kernel must be calculated by taking all the contributing phases into account. The Fréchet kernels of composite arrivals have been discussed for homogeneous reference models (see fig. 9 in Tromp et al. 2005 and fig. 8 in Zhao et al. 2005) . In realistic 1-D reference earth models, the multiple velocity discontinuities in the mantle make the composite arrivals even more prevalent because of the increased possibilities of P-to-S and S-to-P conversions at the discontinuities. As a result, seismic waves, even the geometrical ones, can take many possible paths to propagate from the source to the receiver. On intermediateand long-period seismograms, it is very common that two or more waves from different paths arrive around the same time and form a composite signal from which the individual arrivals are indistinguishable. Full-wave approach provides an effective way to analyse this type of signals. Fig. 6 shows the delay-time Fréchet kernels for a composite arrival at around 22 minutes. on a radial-component seismogram from an earthquake at a distance of 73
• . The 1-D reference model PA5 used in this example is the path-average model for the mantle corridor between the Tonga seismic zone and a station (KIP) in Hawaii (Gaherty et al. 1996) . The seismic waves that contribute to this signal include the direct S wave, the outer core traversing SKS wave, and the surface converted PS-and SP-wave groups. Since the Fréchet kernel of the delay time of the final composite arrival can be considered as a weighted average of the kernels of the elementary waves, the structural sensitivity of this composite arrival has a much more complex pattern and extends to a much wider area than any one of the contributing waves. This example illustrates that the normalmode 3-D Fréchet kernel approach allows us to accurately model and analyse this type of composite waveforms and to use the extracted structural information to constrain the earth model. The capability of this approach to make use of this type of composite arrivals that would otherwise be discarded is crucial to enhancing the tomography resolution using the existing source-receiver distributions.
Multipath composite arrivals can also often be observed on the transverse-component seismograms. An interesting example yet with important implications is the surface-reflected SS waves on the transverse component at regional distances (30
• -70 • ). Due to strong interactions with the velocity discontinuities and gradient in the upper-mantle transition zone, the delay time of this phase is very sensitive to structural changes in that part of the earth model. This sensitivity can be seen in Fig. 7 in the delay-time Fréchet kernels for the transverse-component SS phase at the epicentral distance of 60
• in four different 1-D reference earth models. The four models are plotted in Fig. 8 . These models are chosen to illustrate the effect of the upper-mantle velocity discontinuity and gradient on the SS(H) phase. Model 1066a (Gilbert & Dziewonski 1975) has no uppermantle discontinuity. We further removed its Moho discontinuity by stripping the crust and smoothly extrapolate the velocity from the underside of the Moho up to the free surface. Model PRIN is the 1-D reference model used in Hung et al. (2000) with a constant (and relatively small) velocity gradient all the way from the free surface to the core-mantle boundary (CMB), while Model PRIN-D is a modified version of PRIN with a velocity jump at the 670 km depth.
In Fig. 7 (a) for model PREM, it can be seen clearly that the structural sensitivity of the SS(H) delay time is maximum on the SS ray path near the source and receiver but minimum near the surface reflection point. This is completely contrary to the behaviour of the PP wave at the epicentral distance of 120
• (see Fig. 4 ). As discussed earlier, the variation of the PP-wave structural sensitivity along its path, that is, maximum near the reflection point but minimum near the source and receiver, is due to the π/2 phase jump at the PP caustic. The same caustic phase jump also occurs to the SS wave, thus its different pattern suggests the effect of another phase shift. As the ray paths in Fig. 7(a) indicate, the SS wave at the epicentral distance of 60
• has its turning point in the vicinity of the 670 km discontinuity. This leads to strong interactions of the SS wave with both the discontinuity and the relatively high velocity gradient above it (see Fig. 8 ). As a result, the SS wave is no longer a single body wave, but a combination of many possible variations including refracted and critically reflected (head) waves as well as non-geometrical reflections by the strong velocity gradient. The superposition of these waves leads to a composite waveform with a very different waveform from a single SS body wave. The waveform of a single SS body wave is similar to that of the PP wave in Fig. 4 , that is, a π/2 phase shifted Dirac-delta function due to the caustic phase jump. However, the composite SS waveform in Fig. 7 (a) appears to be a low-pass filtered delta function, suggesting that the interactions by the waves contributing to the composite SS arrival with the uppermantle discontinuity and velocity gradient introduce a phase shift that almost completely cancels the caustic phase jump. As a result, the Fréchet kernel of this phase has a completely opposite pattern from that for the PP wave at 120
• distance. The examples in Figs 7(b), (c) and (d) confirm the above explanations and further indicate that either a realistic 670 km discontinuity or a realistic velocity gradient in the upper mantle can result in the composite SS arrival. The reference model in Fig. 7(b) has a realistic velocity gradient in the upper-mantle transition zone but no discontinuities, yet the SS waveform and its delay-time kernel are almost identical to those in mode PREM. Similar waveform and Fréchet kernel can also be seen in Fig. 7(c) for a model with a 670 km discontinuity and weakened velocity gradient. On the other hand, if the discontinuity and the relatively strong velocity gradient in the transition zone are both removed, as in Fig. 7(d) , the SS wave becomes a typical minimax single body-wave arrival, similar to the example of PP at 60
• in Fig. 13 in Hung et al. (2000) . The minor differences between Fig. 7(d) here and Fig. 13(a) in Hung et al. (2000) can be attributed to the differences in the frequency contents due to different source-time functions and filters used in the two calculations.
The PP-wave example discussed in Hung et al. (2000) and in Fig. 4 in this paper show that body waves with turning points in the mid-mantle or lower mantle can be modelled very well with high-frequency approximation. However, the SS-wave examples in Fig. 7 demonstrate that for body waves that turn in the vicinity of the upper-mantle transition zone, full-wave methods such as the normal-mode theory must be used to accurately model their waveforms. By being able to model phases that interact strongly with the transition zone structures, the full-wave, finite-frequency approach can deliver much better resolution in the upper-mantle tomography than conventional high-frequency methods. Fig. 9 shows the Fréchet kernel of a phase on the radial component commonly identified as SKS at an epicentral distance of 127
• . Seismologists commonly use the SKS phase to investigate the Earth's anisotropy by measuring the splitting between its two horizontal components. This phase is also used together with the core-diffracted Sdiff phase to study the structure at the bottom of the mantle. The SKS phase in Fig. 9 has been used by Kuo & Wu (1997) to measure Sdiff -SKS differential traveltimes (Fig. 2a in Kuo & Wu 1997) . In the plot of the Fréchet kernel, the SKS phase does not have a clear banana-doughnut pattern with zero sensitivity along its ray path. The reason is that this arrival is also a composite signal that includes not only the SKS wave but also the inner core turning SKIKS wave. The two phases from different paths almost overlap one another in the time domain. The pattern in Fig. 9 is the weighted average of the individual kernels for these two phases.
Dependence of 3-D Fréchet kernels on focal mechanism
One of the seemingly obvious yet often neglected aspects of the 3-D delay-time sensitivity kernels is its dependence on the focal mechanism, perhaps for the reason that traveltimes are usually not considered to be dependent on the orientations of the fault planes. However, as indicated in Section 2, the delay times defined in eq. (2) for finitefrequency waves are different from the conventional high-frequency traveltimes. Finite-frequency delay times are obtained from waveform cross-correlation and are, therefore, dependent on the source radiation pattern, as shown in Fig. 1 in Zhao & Chevrot (2003) . An extreme example is presented in Fig. 10 for a transverse-component SS wave at an epicentral distance of 130
• . When the source-receiver path is perpendicular to the pure strike-slip fault plane, the receiver is in the direction of the maximum SH-wave radiation and the SS(H) wave delay-time kernel shows an almost perfect symmetric pattern across the source-receiver path. However, if the fault plane is rotated such that the receiver is 0.5
• from the SH-wave radiation nodal direction, the delay-time kernel is almost antisymmetric across the source-receiver path. The situation in this example may be extreme, but as we can see in the next section focal mechanisms do need to be taken into account in practical seismological observations. Furthermore, for composite signals involving multiple arrivals, their 3-D Fréchet kernels will be dependent on the focal mechanisms in more subtle ways that are difficult to distinguish from other wave propagation effects.
Fréchet kernels of non-geometrical arrivals
Normal-mode theory solves the wave equation accurately in 1-D reference models. Therefore, results obtained by normal-mode approach automatically contain all possible non-geometrical interactions between the seismic waves and the structure, such as diffractions by the CMB and the propagation of surface waves.
An example of non-geometrical arrival is given in Fig. 2 for a vertical-component Rayleigh wave at an epicentral distance of 54
• . As expected, the delay-time of Rayleigh wave is only sensitive to the S-wave speed in the top 100 km between the source and the receiver. There is also little variation in the strength of this sensitivity along the Rayleigh-wave path. Another interesting feature that can be seen in the map view plot is that for the surface wave, the bananadoughnut pattern we see in the body wave delay-time kernel in Fig. 3 has been changed. Instead of zero along the ray path, the sensitivity of surface-wave delay time is minimum along the source-receiver path and increases in amplitude away from it. This can be regarded as a 2-D manifestation of the 3-D banana-doughnut pattern.
Another type of common non-geometrical arrival is the waves that are diffracted from the CMB. The fact that these phases traverse relatively long distances in the lowermost mantle makes them very suitable to study the structure in the D region. An example of the delay-time kernel is displayed in Fig. 5 for a transverse-component Sdiff phase at the epicentral distance of 95.6
• from a deep source. The kernel is shown in both the source-receiver great-circle plane and the horizontal plane on the top side of the CMB. For this sourcereceiver geometry, the direct S wave is in fact not quite a diffracted phase, but turns slightly above the CMB. Thus the overall pattern of the Fréchet kernel still largely resembles that of a direct body wave with the typical banana-doughnut feature, although there are some complications near the turning point right above the CMB. Moreover, since there is no penetration of the SH energy into the core, the sensitivity is one-sided (mantle side) with a strong sensitivity to the structure right on and above the CMB, as can be seen in the map-view plot. Fig. 1 shows another example of the delay-time Fréchet kernel for a CMB diffracted phase at an epicentral distance of 127
• . The recorded and synthetic seismograms are both low-pass filtered with a cut-off frequency of 50 mHz. At this distance, the receiver is already well into the S-wave shadow zone, and the Sdiff wave has a significant portion of propagation right on the CMB. As a result, unlike the example in Fig. 5 , the sensitivity pattern for this diffracted phase appears as that of a surface wave on the CMB with a thin and strong layer of sensitivity to the structure right above the CMB. Furthermore, the map view of the kernel on the CMB shows that the sensitivity is very asymmetric across the source-receiver path. This is due to the same effect of focal mechanism as we have seen in Fig. 10 . The fault-plane solution and the source-receiver geometry are shown in Fig. 11 . The gap in the kernel amplitude seen in the map view plot in Fig. 1 is due to the radiation nodal plane for the radial-component S wave that coincides with the nearly north-south striking fault plane in Fig. 11 .
In Fig. 1 we also plotted the Fréchet kernel for the differential delay time between Sdiff and SKS phases. Dahlen et al. (2000) demonstrated that for two non-overlapping waveforms, the Fréchet kernel for their differential delay time measured by their cross-correlation is merely the difference between the two individual kernels. Therefore, the differential kernel in Fig. 1 is obtained by simply subtracting from the Sdiff kernel the SKS kernel shown in Fig. 9 . The pattern in this differential kernel suggests that the Sdiff -SKS differential delay times are sensitive to not only the structure in the D , but also to other regions in the mid and upper mantle. Therefore, when using Sdiff -SKS times to invert for D structure, possible contributions from mid-and upper-mantle heterogeneities must also be taken into account. Nevertheless, the strong sensitivity of the differential delay times to the structure near the CMB indicates that the Sdiff -SKS measurements can be used in conjunction with the full-wave differential kernels to constrain the structure in the lowermost mantle within a whole-mantle tomography study (Hung et al. 2005) .
D I S C U S S I O N
We described a full-wave approach to compute the sensitivity kernels for the delay times of finite-frequency seismic waves. Numerical examples for the 3-D Fréchet kernels presented here demonstrate that finite-frequency signals recorded on the seismograms are often composed of multiple arrivals traversing different parts of the Earth. Full-wave techniques, such as the normal-mode approach for 1-D reference models discussed here or purely numerical methods for 3-D reference models such as the finite-difference method or the spectral-element method (Tromp et al. 2005) , must be used to model these composite waveforms accurately. The composite signals contain rich information on the earth structure, especially on the regions such as the upper-mantle transition zone and the D that are not very well covered by commonly used phases. As a result, full-wave techniques enable us to extract maximum amount of structural information from each existing seismograms into robust seismic data and to compute their structural sensitivities, thus improving the spatial coverage and resolution in the transition zone and the D with existing source and station distributions.
We have only discussed the structural sensitivities for delay times in this paper. However, Fréchet kernels can be defined as in eq. (1) for any seismic observables or anomaly such as the amplitude ) and the SKS splitting parameter (Favier & Chevrot 2003) , and equations similar to eq. (2) can always be found to express the observables in terms of the reference wavefield u 0 (r R ; r S ) and its perturbation δu(r R ; r S ). The equation in eq. (3) for δu(r R ; r S ) provides the link to model perturbations, which allows us to obtain Figure 11 . Great-circle path and source-station geometry for the example in Fig. 1 . The beach ball shows the fault-plane solution of the event.
the sensitivity kernels of any observables to any one of the model parameters.
We should also note that even though the examples shown here are for relatively long-period waves with a cut-off frequency of 60 mHz (∼17 s), it is perhaps important to realize that in structural seismology the terms 'long period' and 'finite frequency' do not have an absolute meaning. They should be understood within the context of the specific structural problem under study. For example, if the purpose is to image large-scale mantle heterogeneities on the order of thousands of kilometres, then body waves with a period of ∼20 s such as the P and PP waves in Figs 3 and 4 may very well be regarded as high-frequency arrivals and modelled accordingly (Woodward & Masters 1991) . However, to achieve a higher resolution, say a few hundred kilometres, then the same P and PP arrivals must be inverted using the finite-frequency sensitivity kernels. Likewise, in local studies of shallow structures on the order of a few kilometres or less, even waves of 1 s period must be considered as finite-frequency waves and modelled by full-wave approaches (e.g. Tromp et al. 2005; Zhao et al. 2005) .
A common legitimate concern regarding the full-wave approaches is their heavy computational demand. In high-frequency approximations, a sensitivity kernel can be computed in a second on a single CPU. The calculations of full-wave finite-frequency kernels are much more time consuming. In practice, each of the normal-mode kernels shown in this paper will take a few minutes to compute on a 40-processor PC cluster. For this reason, the fullwave approach is only being applied to upper-mantle turning phases in regional tomography studies in the Western Pacific (Chen et al. 2003) and Southern Africa or to Sdiff -SKS differential delay times in global inversions to constrain the D region (Hung et al. 2005) . However, developments are underway to drastically improve the efficiency in full-wave kernel calculations (Nissen-Meyer et al. 2006; . By establishing a database of Green's functions for the chosen reference model, the calculation of the Fréchet kernel is reduced to a simple evaluation of the τ -integral in eq. (3). The improvement in computational efficiency coupled with the rapid acceleration in CPU speed will allow the full-wave, finite-frequency approach to be feasible in the near future in global tomography with 1-D starting models. Moreover, recent efforts in calculating full-wave Fréchet kernels in 3-D reference models (e.g. Zhao et al. 2005; Liu & Tromp 2006) , although still computationally challenging, provide the means of conducting regional and global full-wave tomography inversions using 3-D starting models.
